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Abstract The characteristics of N,N′-bis(cetyldimethyl)-
α,ω-alkane (propane and butane) diammonium dibromide
(16-3-16 and 16-4-16) aqueous solutions were studied by
one- and two-dimensional 1H nuclear magnetic resonance
(NMR). The measurements of self-diffusion coefficient and
inter-proton distance at 318 K suggest that 16-3-16
spherical micelles are formed in the dilute solution at a
concentration of 0.26 mmol/l and the polar head groups of
the surfactant are in a saw-toothed form staying at the
surface of the micelle to overcome the strong electrostatic
repulsion force. Relaxation measurements obviously show
that the spacer chain is rigid in the surface layer of the
hydrophobic micellar core, and the side alkyl chains of 16-
3-16 are packed more tightly than those of 16-4-16 in the
micellar core. The line-shape analysis of the methyl protons

at the end of the side alkyl chain of 16-3-16 and 16-4-16
suggests that two possible momentary morphologies of their
side alkyl chains are situated in the micelle, respectively.

Keywords Gemini surfactant .N,N′-bis(cetyldimethyl)-
α,ω-alkane diammonium dibromide (16-3-16 . 16-4-16) .
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Introduction

A new class of surfactant is presently attracting considerable
interest in both the academic and industrial circles. These
surfactants are made up of two or more amphiphilic moieties
connected at the level of the head groups or very close to the
head groups by a spacer group, which are referred to as
gemini surfactants [1–3]. A series of alkanediyl-α,ω-bis
(dimethylalky1ammonium bromide) surfactants, referred to
as dimeric m-s-m surfactants (where m and s are the carbon
numbers of the side alkyl backbone chains and of the spacer
backbone chain, respectively), have been focused and
investigated by various methods [4–21]. The physicochem-
ical properties of N,N′-bis(cetyldimethyl)-α,ω-alkanediam-
monium dibromide (16-s-16) systems, both pure and mixed
[3, 5, 7–13], have been studied extensively and provided
much information on macroscopic and microscopic charac-
teristics of gemini surfactant in aqueous solutions. In recent
years, ever more types of gemini surfactants with different
spacer chains have been reported to get deep information
about the spacer effects [12–21]. However, less attention was
paid on the properties of micelle in the relatively dilute 16-s-
16 solutions [3, 22], which are slightly above the critical
micelle concentration (CMC). The ladder model suggests
that for a new-born micelle, having a minimum aggregation
number indicates that the minute micelle may be spherical at
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the CMC in aqueous solutions, and both micellar growth and
shape variation occur with an increase in surfactant
concentration [23]. Nuclear magnetic resonance (NMR)
spectroscopy is a versatile technique for the study of
surfactants [24]. To understand the micellization process
and properties of the shape of micelles, we have studied the
behavior of 14-2-14, 14-3-14, 14-4-14 and 16-4-16 in dilute
aqueous solution by 1H NMR at 298 and 313 K in detail
recently, respectively [25, 26]. The dynamics of these gemini
surfactants and the relative arrangement of the side alkyl
chains in the micelle show much difference from those of the
conventional cationic surfactants. In this work, we intended
to acquire the information about the relative arrangement of
16-3-16 molecules in the micelle and the microstructure of
the compact surface layer of the micellar core, which is
important for understanding the characteristic of micelles.

Experimental

16-4-16 and 16-3-16 were synthesized by the Southwest
Petroleum Institute. Cetyl-trimethyl ammonium bromide
(CTAB) is an analytical-grade reagent produced by Jining
Institute of Chemical Engineering of China. D2O, 99.8%
deuterated, is the product of the Wuhan Bopu Corporation
of Chinese Academy of Sciences. They were used as
received, without any further purification. 1H NMR experi-
ments validate their quality of certainty. The CMCs of
CTAB, 16-4-16, and 16-3-16 are 9.0 [27], 0.027, and
0.026 mmol/l [3] at 298 K, respectively. The concentrations
of CTAB, 16-4-16, and 16-3-16 solutions are 45, 0.27, and
0.26 mmol/l, respectively. These solutions have been kept
at ambient temperature for more than 2 weeks to ensure that
equilibrium has been attained.

The Krafft point (Kp) of 16-4-16 and 16-3-16 are 310.5
and 316 K, respectively [5]. Consequently, NMR experi-
ments for the 16-4-16 and 16-3-16 solutions were carried
out at temperatures slightly above their Kp temperatures,
313 and 318 K, respectively. NMR measurements are
performed using a UNITY INOVA-500 spectrometer with a
proton frequency of 500.123MHz. D2O was used as solvent
instead of water to provide lock signal for NMR machine
and to weaken the water signal, and the residual water
signal was suppressed by presaturation. The standard pulse
sequences provided by the Varian Corporation were used
for the relative experiments. NMR tubes (5 mm) were used,
and the samples were equilibrated in the probe for more
than 30 min before the self-diffusion coefficient measure-
ment. Convection within the sample is a serious problem
affecting diffusion measurement, in particular at elevated
temperature. To suppress effects of convection during the
diffusion interval of the diffusion-pulse sequence at
elevated temperatures and compensate eddy-current effects,

Double-Stimulated-Echo experiment with bipolar gradient,
provided by Jerschow A. and Muller N. [28], has been used
previously in diffusion experiments. The self-diffusion
coefficient is obtained by fitting the Stejskal-Tenner relation
[29] to the signal intensities. The chemical shifts were
estimated from the 3-(trimethylsilyl)propionate (TSP) ex-
ternal standard signal. Two-dimensional (2D) Nuclear
Overhauser Enhancement Spectroscopy (NOESY) experi-
ments [30] were performed for 16-4-16 and 16-3-16
solutions at experimental concentrations at 313 and
318 K, respectively.

Results and discussions

Results

The structures and proton numberings of CTAB, 16-4-16,
and 16-3-16 are shown in Scheme 1. The corresponding 1H
NMR one-dimensional (1D) spectra at the micellar states
are shown in Fig. 1. Direct evidence about the space
relationship among the surfactant molecules will help to
confirm the arrangement of the molecules in the micelle.
This can be achieved by the 2D NOESY experiment. To
examine the evolution of cross-peaks in the 2D NOESY
experiments of the 0.26 mmol/l 16-3-16 aqueous solutions,
different mixing times of 50, 100, and 160 ms have been
used. The intensity of the cross-peaks is increasing up to
160 ms as shown in Fig. 2. So it is safe to choose the
mixing time of 100 ms to estimate the inter-proton
distances to ensure that the intensities of the cross-peaks
are not destroyed by spin diffusion. The contour plot of the
2D NOESY experiment with a mixing time of 100 ms is
shown in Fig. 3. One can extract valuable information
about inter-proton distances from the intensities of the
cross-peaks with the aid of one known distance in the
molecule. The following formula was used with the aid of
the known distance 2–3 in the molecule and the
corresponding cross-peak signal intensity:

ffiffiffiffiffiffiffiffiffiffiffiffi

I23
Imn

¼6

r

rmn
r23

where I23 and Imn are the intensities of the cross-peaks
between 2 and 3 and between the two protons of interest,
respectively, and r23 and rmn are the corresponding inter-
proton distances. The inter-proton distances of 16-3-16 and
16-4-16 in the micellar state derived from the cross-peak
intensities by the above formula and calculated by Hyper-
Chem on the basis of a single molecular state are shown in
Table 1. The chemical shifts of methylene protons of
(CH2)12, 4, are very close; they overlap seriously, so the
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intensities of the cross-peaks of 4 with other protons are
due to contributions from the portion of the 24 methylene
segments and are not suitable to estimate the inter-proton
distances. The same is for the intensities of the cross-peaks
of S1(1) with other protons.

Self-diffusion coefficients of 16-3-16 and 16-4-16 sol-
utions at a concentration of ten times their CMCs at 318 and
313 K, respectively (Table 2), suggest that 16-3-16 mole-
cules are more densely packed in the micelle than 16-4-16
molecules are.

It is obvious in Fig. 1 that the chemical shifts of each of
the corresponding proton peaks are in the order of 16-3-16 >
16-4-16 > CTAB. It is interesting to note that for 16-3-16, S1
overlaps with 1. To understand this phenomenon, 1D spectra
of 14-3-14 and 14-4-14 were also traced for comparison.

Their chemical shifts at different concentrations at 298 K are
shown in Table 3. It is also worth to notice from Fig. 1 that
the peaks of the methyl protons at the end of the side alkyl
chain of 16-4-16 and 16-3-16 are two overlapped triplets,
respectively, which differ from that of CTAB. These two
bands were each deconvolved into two triplets of various
areas, which are shown in Fig. 4, and the areas of the sub-
peaks were monitored in the single-pulse experiment and
shown in Table 4. In the same way, the areas of the sub-
peaks were monitored for the spin-lattice relaxation (T1) and
the spin-spin relaxation (T2) experiments, from which the T1
and T2 values were determined, also shown in Table 4.

The T2 and T1 values of 16-3-16 solution are compared
with those of the CTAB solution at 298 K and 16-4-16
solution at 313 K, respectively, as shown in Fig. 5a and b. It
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Scheme 1 Structures and pro-
ton numberings of CTAB, 16-4-
16, and 16-3-16

Fig. 1 1H NMR spectra for a
CTAB solution of 45.0 mmol/l,
b 16-4-16 solution of
0.27 mmol/l, and c 16-3-16
solution of 0.26 mmol/l at 298,
313, and 318 K, respectively
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is obvious that the spacer has significant effect on the motion
of chains in the micelles. The shorter the spacer, the more
seriously is the motion of protons on the alkyl side chain
restricted. The decay behaviors of N and 3 of 16-3-16 are
compared with those of 16-4-16, respectively, as shown in
Table 5.

Discussions

Microstructure of 16-3-16 micelles

We can choose the proton distance, calculated by Hyper-
Chem on the basis of a single 16-3-16 molecular state, as a
relative standard to compare the configuration of the two
surfactants situating in their micelles. Following Table 1, it
is obvious that all of the inter-proton distances except that
between N and 3 of 16-3-16 are almost the same within
10% error in the micelles, as compared with those
calculated by HyperChem on the basis of a single 16-3-16
molecular state. Meanwhile, the inter-proton distances of
S2-N, S2-2, and S2-3 proton pairs of 16-3-16 are about
0.7 Å larger than those of 16-4-16. All these suggest that
the arrangement of 16-3-16 molecules is similar to that of
16-4-16 in the micellar states [25], except that S2 protons of
16-3-16 are extended outwards to the water medium than
that of 16-4-16. The inter-proton distance of between N and
3 of 16-3-16 is shorter than those calculated by HyperChem
and is the same as those of 16-4-16 [25]. It also implies that
the head groups of 16-3-16 are in a saw-toothed form
staying at the surface of the micelle. Following all of these,
it can provide a picture of the molecule arrangement in the
16-3-16 micelle. The spacer extends toward the water
medium with the polar heads arranged in a saw-toothed
form to overcome the electrostatic repulsion force and the
side alkyl chains of 16-3-16 molecules lying side by side.
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Fig. 2 Evolution of the intensities of the cross-peaks of random
proton pairs in the 2D NOESY spectra of 16-3-16 solution of
0.26 mmol/l as a function of the mixing time

Fig. 3 Contour plot of 2D NOESY spectrum of 16-3-16 solution of
0.26 mmol/l at 318 K with a mixing time of 100 ms

Table 1 Inter-proton distances (Å) of 16-4-16 solution of 0.27 mmol/
l at 313 K and 16-3-16 solution of 0.26 mmol/l at 318 K, respectively,
calculated from the cross-peak intensities of the 2D NOESY spectra at
a reliable mixing time and those of 16-3-16 calculated by HyperChem

Proton pairs r16-3-16 (Å) r16-4-16 (Å) rHYP (Å)

2–3 2.8 2.8 2.8
3–N 4.0 4.1 5.1
2–N 3.4 3.2 3.4
S2–N 4.1 3.4 4.0
S2–3 4.7 4.0 5.0
S2–2 4.4 3.8 4.8

The inter-proton distances were calculated by assuming the distance
between 2 and 3 to be 2.8 Å, taken from the value calculated by
HyperChem, and rHYP represents the inter-proton distance calculated
by HyperChem on the basis of a single molecular state.

Table 2 The self-diffusion coefficient (×10−11 m2/s) of 16-4-16 and
16-3-16 solutions at a concentration of ten times their CMCs at 313
and 318 K, respectively

Solvent Solute

313 K (16-4-16) 324 7.3
318 K (16-3-16) 392 6.3
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Hydrocarbon chain packing in the micelle

The self-diffusion coefficient measurements of the 16-4-16
and 16-3-16 were determined by the Fourier Transform
Pulsed-Gradient Spin-Echo NMR technique on the basis of
their separate peaks at 313 and 318 K, respectively. The
apparent self-diffusion coefficient derived from peak areas
with the experimental error of less than 10% are shown in
Table 2. At a concentration of ten times its CMC, the self-
diffusion coefficient of 16-3-16 is about 16% lower than
that of 16-4-16 solution at a concentration which is also ten
times its CMC. Meanwhile, the self-diffusion coefficient of

water molecules (HOD) of 16-3-16 solution is higher than
that of 16-4-16 markedly, which are also shown in Table 2.
According to the Einstein–Stokes equation, the self-diffu-
sion coefficient of a particle is proportional to the absolute
temperature. So the self-diffusion coefficient of 16-3-16
measured at 318 K should be higher than that of 16-4-16 at
313 K. Because both surfactants have the same alkyl side
chains, the radii of the particles and their diffusion
coefficients would not deviate very much. However, the
result is converse. This phenomenon seems to originate
from the difference in density of the particle, i.e., the
micelle. The hydrodynamic radius of a micelle depends
mainly on the length of the hydrophobic alkyl chain of the
surfactant. Since 16-3-16 has the same alkyl chain as that of
16-4-16, their hydrodynamic radii of the micelles will not
deviate very much. A lower value of the self-diffusion
coefficient of 16-3-16 suggests that the density of the
micelle is greater, which means that there are more alkyl
chains (molecules of surfactant) in the micellar core for 16-
3-16 than for 16-4-16 and, consequently, the larger the
aggregation number. This can be understood by the effect
of the length of the spacer. The shorter the spacer, the
smaller the area of the polar head that occupies the surface
of the micellar core, consequently, the more surfactant

Table 3 The chemical shifts of 14-3-14 and 14-4-14 protons at different concentrations at 298 K

Δδ 0.5 CMC (δ14-3-14–δ14-4-14) 14-3-14 14-4-14

δ0.5CMC δ10CMC Δδ δ0.5CMC Δ10CMC Δδ

S1 0 3.39 3.56 0.17 3.39 3.48 0.09
1 0.07 3.32 3.42 0.10
N 0.06 3.16 3.28 0.12 3.10 3.19 0.09
S2 0.40 2.26 2.32 0.06 1.86 1.92 0.06
2 0.01 1.78 1.81 0.03 1.77 1.80 0.03
3 0.01 1.40 1.45 0.05 1.39 1.43 0.04
4 0 1.31 1.34 0.03 1.31 1.34 0.03
5 0 0.89 0.92 0.03 0.89 0.92 0.03

All of the proton numbers of proton groups of 14-s-14 except 4, which stand for methylene protons of (CH2)10, correspond to those of 16-s-16.

Fig. 4 Line-shape analysis of the methyl protons at the end of the side
alkyl chain of 16-4-16 (a) and 16-3-16 (b) simulated by Origin 7

Table 4 Area and T1 and T2 values of the component peaks obtained
by deconvolution of the methyl peaks at the end of the side alkyl chain
of 16-4-16 and 16-3-16 in the 1H NMR spectra, which are shown in
Fig. 1

5 5′

16-4-16
Area 3.5 1
T1 (ms) 1,258 1,363
T2 (ms) 376 430
16-3-16
Area 1.86 1
T1 (ms) 1,376 1,316
T2 (ms) 226 198
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molecules are involved in the micelle. While the self-
diffusion coefficient of the solvent, water, meets the
requirements of Einstein–Stokes equation. Its self-diffusion
coefficient is proportional to the absolute temperature. The
measured value at 318 K seems somewhat higher than
expected. This can be attributed to the release of the
hydration water molecules bounded to the micelle upon
increasing temperature.

Effect of the positively charged polar head

Figure 1 shows 1H NMR spectra of CTAB (a), 16-4-16 (b),
and 16-3-16 (c). It is noticed that chemical shifts of these
protons close to the polar head group show clear depen-
dence on the spacers, with 16-3-16 > 16-4-16 > CTAB,
where the shift of the α-methylene protons of the alkyl side
chain (1) and the α- and β-methylene protons of the spacer
(S1 and S2) is most pronounced. To get some insight into
this phenomenon, proton chemical shifts of these surfac-
tants in the single molecular state are needed to distinguish
whether this downfield shift originates from the intra-
molecular (chemical structure) or from the inter-molecular
(micellization) interaction. Unfortunately, obtaining well-
resolved 1D spectra of 16-3-16 and 16-4-16 at concen-
trations below their CMCs was impossible, owing to their
low CMCs. So we tried to study their homologues, the 14-
s-14 series, to shed some light in understanding this
downfield effect.

The proton chemical shifts of 14-3-14 and 14-4-14 aqueous
solutions, at concentrations which are 0.5 and 10 times their
CMCs, are listed in Table 3. It is obvious that chemical shifts
of 1, S2, and N protons of 14-3-14 drift downfield farther
than those of 14-4-14, respectively, in the single molecular
state, showing intra molecular effect. The difference in the
chemical shift of S2 protons is most obvious because the
distance between the S2 protons and the other ammonium
group in the same molecule affects proton chemical shift
markedly [31]. The difference shows the effect of the spacer
length between the two positively charged ammonium
groups in these molecules. Meanwhile, the chemical shift
difference for 1 protons is more obvious than that in S1
protons, which are the nearest to the polar head equally.
Therefore, 1 protons of 14-3-14 are less shielded and have a
larger chemical shift than those of 14-4-14.

Comparison of the proton chemical shift in the molecular
state (0.5 CMC) and the micellar state (10 CMC) gives
information about intermolecular effect of the positively
charged ammonium ions. Table 3 shows the chemical shifts
and difference between two states for 14-3-14 and 14-4-14.
Upon micellization, resonances of 1, S1, and N are drifted δ
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Fig. 5 T2 (a) and T1 (b) values of corresponding proton groups of
CTAB, 16-4-16, and 16-3-16 solutions at 298, 313, and 318 K,
respectively

Table 5 Behavior of the T2 relaxation decay in the 16-3-16 and 16-4-16 solutions at a concentration of ten times their CMCs at 318 and 313 K,
respectively

16-4-16 16-3-16

T2 (ms) T2s (ms) P2s (%) T2f (ms) T2 (ms) T2s (ms) P2s (%) T2f (ms)

N 89.6 103 82.7 37.4 55.9 76.4 56.1 34.1
3 65.5 95.9 57.3 27.5 36.4 83.9 23.6 27.8

T2f T2 value of the fast-relaxing component; T2s T2 value of the slow-relaxing part; P2s percentage of the protons exhibiting slow relaxation
compared to the total number of protons
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0.17, δ 0.17, and δ 0.12, respectively, downfield for 14-3-
14, and the corresponding values are, respectively, δ 0.1, δ
0.09, and δ 0.09 for 14-4-14, while the chemical shift
changes for the other protons are less than 0.06. These
suggest that formation of the micelle has larger effect on the
protons close to the polar group than on those of the alkyl
side chain away from the polar group. In addition, such
effects are weaker in the 14-4-14 system than in the 14-3-
14 system. Consequently, the surfactant molecules are less
tightly packed in the 14-4-14 micelles than in the 14-3-14
micelles. Considering the fact that S1(1) and N protons of
16-3-16 have larger chemical shifts than those of 16-4-16
(Fig. 1), we may conclude that the 16-3-16 molecules
would be more tightly packed in their micelles than the 16-
4-16 molecules would be.

The compact surface layer and the interior of the micellar
core

The compact surface layer of the micellar core The T2
values measured show a similar distribution across entire
molecule for the three surfactants, CTAB, 16-4-16, and 16-
3-16 (Fig. 5b). It is interesting to note that at all positions,
the proton relaxing efficiency is in the same order of CTAB
< 16-4-16 < 16-3-16. Since T2 is closely related to local
movement, faster relaxing or shorter T2 indicates that the
16-3-16 molecules are much tightly packed in the micelle
than that of 16-4-16 and CTAB, respectively. The spacer
strengthens the micellar structure, and a three-methylene
chain has larger effect than a four-methylene chain. These
results are in agreement with the chemical shift measure-
ment. It should be emphasized that the thermodynamic
equilibrium distance between the polar heads reported value
for CTAB in the micelles is of approximately 0.7–0.9 nm
(the distance of between two carbon atoms of the alkyl
chain is about 0.1265 nm) [1]. So the distance between the
polar heads of CTAB is equal to the length of a spacer
chain having six methylene groups. The spacer chain
reduces the distance between the polar head groups in the
micelle, and this helps to the increase in the density of the
polar heads on the micellar surface. The shorter the spacer,
the more tightly the hydrophobic chains are packed, and the
stronger is the effect in the restriction to the motion of
protons.

Distributions of the T1 values across the surfactants are
similar to those of the T2 values, with the exception of N-
methyl becoming the fastest one, and the differences
between 16-3-16 and 16-4-16 become less significant
(Fig. 5b). This is due to different relaxation mechanism of
T1 and T2. The larger T1 values, or slower relaxation, of the
alkyl side chain protons (3, 4, and 5) indicate that these
parts of the surfactants are in a hydrophobic environment of

the micelles. While the protons (N, 1, 2, S1, and S2) with
short T1 values, or fast relaxation, are situated in the
palisade layer.

In our previous study, simulation of the decay curves of
proton relaxation for micellar solutions showed that the
relaxation decay curves of T2 of some of the protons on the
hydrophobic chains are bi-exponential. The fast-relaxing
component is attributed to the protons situated near or on
the surface of the micellar core, the palisade layer, while the
slower one is attributed to the remaining protons in the
interior [32]. From Table 5, one can note that the simulation
of the relaxation decay of N and 3 protons manifests bi-
exponential behavior, and the T2f and T2s values of 16-3-16
protons are in the order of those of 16-4-16, respectively.
However, there is a significant difference in the fraction of
the fast and slow components in these two systems. The
fast relaxation components of N and 3 of 16-3-16 are larger
than those of 16-4-16, respectively, which implies that
larger fractions of N and 3 protons of 16-3-16 participate in
the formation of the palisade layer in 16-3-16 micelles than
those of the corresponding protons in 16-4-16 micelles.
This also suggests that a longer segment of the 16-3-16 side
alkyl chain stays in the micelle palisade layer formation
than that of 16-4-16.

The interior of the micellar core Carefully examining Fig. 1
one finds that the end methyl proton resonances of 16-3-16
and 16-4-16 are overlapped peaks, while that of CTAB is
not. The line-shape of an overlapped peak can be
deconvolved into a number of peaks [33]. So, the over-
lapped methyl proton resonances of 16-3-16 and 16-4-16
solutions were deconvolved into two triplets, characteristic
of two methyl protons as shown in Fig. 4a and b, namely 5
and 5′, respectively. This suggests that the methyl protons
at the end of the side alkyl chains of 16-3-16 and 16-4-16

Amidogen 

Spacer chain

Cetyl chain

Micellar core

Compact surface layer
of the micellar core 

Hydration layer 

Fig. 6 The section sketch map for the arrangement of the gemini
surfactant 16-3-16 molecules in its micelles, the dashed molecule is
situated on the top of the full molecule
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reside in two different chemical environments, respectively.
Relaxation characteristics of the deconvolved two triplets (5
and 5′) of 16-3-16 differ not much, the same as those of 16-
4-16, shown in Table 4. This shows that the two end-methyl
groups of the 16-3-16 micelles are situated in different
environments of the micellar core interior and so as for the
two methyl groups of 16-4-16 micelles. The two decon-
volved proton peaks do not seem to stand for the
monomeric and the micellar states because the concen-
trations of the surfactants are ten times their CMCs, i.e., the
ratio between the areas of the two triplets should be 1:9 in
each solution. However, it is obvious from Table 5 that the
area ratios of 5:5′ of 16-3-16 and 16-4-16 differ markedly
from 1:9, respectively. All of these suggest that the two
environments are in the interior of the hydrophobic micellar
core region. These two environments may be attributed to
the special arrangement of the surfactant molecules in the
micellar core, i.e., a part of molecules sitting on the other
molecules at a certain angle to favor the reduction of inter-
distances between the polar heads in the micelle. Surfactant
molecules involved in the micelle are relatively fixed for its
big polar head group and the rigid spacer chain, so these
two states would not exchange very fast. Consequently, the
environments of methyl groups of the surfactant molecules
sitting on and being underneath will be different. The
sketch map is shown in Fig. 6. Similar effect can exist for
other protons nearer to the polar head region. However, the
less distant from the polar head region, the smaller is the
effect. So, double peaks for 1–3 and N protons are not
observed. As for 4 proton resonance peak, a sum of
seriously overlapped proton resonance of 12 methylene
groups, although being nearest to the end methylene
protons, this effect will not be resolved. This is accordant
with the former conclusion, i.e., the head groups are in a
saw-toothed form staying at the surface of the micelle as
shown in Fig. 6.

Summary

In conclusion, the combination of the chemical shift changes,
line-shape analysis of the 1H NMR methyl proton signals,
self-diffusion coefficient and relaxation measurements, and
the inter-proton distances deduced from the 2D NOESY
experiment show that these spherical micelles are formed in
16-3-16 solution at a concentration of 0.26 mmol/l at 318 K.
The 16-3-16 micelles exhibit unique properties due to the
shorter length of spacer chain. Its side alkyl chains are
packed more tightly, the spacer chain is more rigid, and the

density of N-methyl groups on the micellar surface of 16-3-
16 micelle is larger than that of 16-4-16.
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